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Protein Sorting upon Exit from the
Endoplasmic Reticulum
are sorted only during or after passage through the Golgi
but not before (Rindler et al., 1984). Enzymatic assays
have suggested that plasma membrane proteins des-
Manuel Mun˜iz, Pierre Morsomme,
and Howard Riezman*
Biozentrum of the University of Basel
tined for the apical and basolateral surfaces of MDCKKlingelbergstrasse 70
cells share the same late Golgi compartment (Fuller etCH-4056 Basel
al., 1985). Similar results show that two different typesSwitzerland
of secretory proteins, insulin and HA, migrate together
through the same individual Golgi subcompartments
and are only sorted from each other when they reachSummary
the trans-Golgi network (Orci et al., 1987). However,
these experiments did not test directly whether theseIt is currently thought that all secretory proteins travel
secretory proteins are transported together from the ERtogether to the Golgi apparatus where they are sorted
to the Golgi apparatus.to different destinations. However, the specific require-
The only direct experiment that has been performedments for transport of GPI-anchored proteins from the
to check this issue was after immunoisolation of ER-endoplasmic reticulum to the Golgi apparatus in yeast
derived vesicles generated in vitro. The conclusion wascould be explained if protein sorting occurs earlier in
that at least two secretory proteins, glycosylated pro athe pathway. Using an in vitro assay that reconstitutes
factor (gpaF) and the general amino acid permease,a single round of budding from the endoplasmic reticu-
Gap1p, exit the ER in the same vesicles (Kuehn et al.,lum, we found that GPI-anchored proteins and other
1996). These results reinforced the idea that all secretorysecretory proteins exit the endoplasmic reticulum in
proteins are packaged in the same type of ER-deriveddistinct vesicles. Therefore, GPI-anchored proteins are
vesicles and travel together to the Golgi compartment.sorted from other proteins, in particular other plasma
GPI-anchored proteins constitute a special group ofmembrane proteins, at an early stage of the secretory
secretory proteins that are attached to the external leaf-pathway. These results have wide implications for the
let of the plasma membrane of eukaryotic cells by amechanism of protein exit from the endoplasmic re-
glycolipid moiety (Englund, 1993; Ferguson, 1999). Onceticulum.
glycolipid anchoring and remodeling have occurred in
the ER (Sipos et al., 1997), GPI-anchored proteins areIntroduction
delivered to the Golgi apparatus via transport vesicles
(Doering and Schekman, 1996; Su¨tterlin et al., 1997). InSecretory proteins are transported from their site of syn-
yeast, GPI-anchored protein transport from the ER tothesis, the endoplasmic reticulum (ER), to their correct
the Golgi compartment shows at least two specific re-final destinations through the secretory pathway in eu-
quirements (Su¨tterlin et al., 1997). First, ret1-1 (hereafterkaryotic cells. This process is initiated by the export of
referred to as cop1-1, the accepted nomenclature), aproperly folded and assembled secretory proteins from
mutant in the a subunit of coatomer (COPI), specificallythe ER to the Golgi apparatus (Schekman and Orci,
blocks the transport of GPI-anchored proteins without1996). It has been assumed for many years that secre-
affecting transport of other secretory proteins. Thistory protein sorting occurs only after arrival to or exit
block is not due to a defect in GPI anchoring or remodel-from the Golgi compartment. Therefore, secretory pro-
ing. Second, ongoing synthesis of sphingoid bases and/teins would travel together from the ER to the Golgi
or ceramide plays a critical role in the ER to Golgi trans-
(Griffiths and Simons, 1986). In principle, this belief
port of Gas1p and Yps1 (previously referred to as
stems from the fact that many secretory proteins are
Yap3p), which are GPI-anchored proteins. When yeast
found in all Golgi cisternae by immunocytochemistry cells are incubated with myriocin (Horvath et al., 1994),
and their oligosaccharides are modified in a similar man- an inhibitor of ceramide synthesis, or lcb1-100 cells
ner by Golgi enzymes (Griffiths and Simons, 1986). How- (conditional mutant in serine palmitoyltransferase activ-
ever, there is still no adequate explanation as to why ity [Zanolari et al., 2000], the first enzyme in ceramide
different proteins receive distinct glycosyl modifications biosynthesis) are incubated at nonpermissive tempera-
within the Golgi, with the exception of lysosomal enzyme ture (Su¨tterlin et al., 1997), the ER to Golgi transport of
modification (Nishikawa et al., 1997). two GPI-anchored proteins, Gas1p and Yps1p, is defec-
Only a few experiments have addressed the point of tive. Other secretory proteins, such as gpaF, invertase,
whether secretory and/or plasma membrane proteins or CPY are not affected.
travel together to the Golgi apparatus. VSVG and HA The specificity of these requirements could be ex-
are two viral glycoproteins transported through the se- plained if GPI-anchored proteins require these two activ-
cretory pathway to different regions of the plasma mem- ities to enter into ER-derived vesicles, or if they are
brane in Madin-Darby canine kidney (MDCK) cells. The sorted from other proteins in the ER and thus enter into
fact that these two glycoproteins can be localized in the distinct ER-derived vesicles. We tested this two-vesi-
same Golgi cisternae led to the assumption that they cle hypothesis directly. In vitro generated, primary ER-
derived vesicles were separated by immunoisolation tech-
niques and by density gradient centrifugation showing that* To whom correspondence should be addressed (email: howard.
riezman@unibas.ch). GPI-anchored proteins are packaged into distinct vesicles
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from other cargo proteins. This segregation is not due to
different ER budding kinetics. Therefore, GPI-anchored
proteins exit the ER in different vesicles from other se-
cretory proteins. These results provide the first evidence
of secretory protein sorting in the ER.
Results
Packaging of Different Secretory Proteins
into ER-Derived Vesicles
In order to test whether GPI-anchored proteins exit the
ER in the same or different vesicles than other secretory
proteins, we used an in vitro ER budding assay that mea-
sures incorporation of cargo proteins into ER-derived
vesicles (Kuehn et al., 1996; Mun˜iz et al., 2000). We
reconstituted vesicle budding from the ER by incubation
of permeabilized spheroplasts from wild-type cells with
exogenous cytosol, an ATP regenerating system, GTP
and GDP-mannose. After the incubation, vesicles were
separated from the total membranes by centrifugation
and subsequent flotation into a Nycodenz gradient. The
floated vesicles were then recovered by ultracentrifuga-
tion. Various secretory proteins were immunoprecipitated
from these vesicles (Figure 1A). This budding assay has
been used previously to reproduce the ER exit of several
secretory proteins, including the GPI-anchored protein
Gas1p, the amino acid permease, Gap1p, and glycosy-
lated pro a factor, gpaF, among others (Doering and
Schekman, 1996; Kuehn et al., 1996). We show here that
this system also reconstitutes the ER exit of Yps1p,
another GPI-anchored protein, and ALP, alkaline phos-
phatase. The budding efficiency of Gas1p is substantially
Figure 1. In Vitro Budding of ER-Derived Vesicles Containing Secre-lower than that of Gap1p, as reported previously (Doering
tory Proteinsand Schekman, 1996; Mun˜iz et al., 2000), but the budding
(A) In vitro budding reactions were performed using membranesof the other GPI-anchored protein, Yps1p, was very effi-
from wild-type cells (RH696-3B (pPL269)) (2 hr, 258C) with an energy
cient. The budding of vesicles containing these proteins source in the presence or absence of cytosol. Vesicles were purified
is dependent on cytosol and specific, since the ER- by differential centrifugation, floatation on NycodenzR gradients, and
resident protein Sec61p is undetectable in the vesicles pelleting by ultracentrifugation. ER exit of indicated proteins was
assayed by immunoprecipitation. Budding efficiencies were calcu-(Figure 1A). The Gas1p and Yps1p bands found in the
lated as the percentage of the total input that was recovered in thevesicular fraction had a broader mobility than the same
purified vesicles for each individual protein. Ves, immunoprecipitateproteins found in the total fractions. This is most likely
from 50% of recovered vesicles; Total, immunoprecipitate from 4%
due to additional glycosylation of these proteins as a of total input.
result of the further transport of the ER-derived vesicles (B) Vesicle integrity: NycodenzR gradient purified vesicles generated
through early steps of the secretory pathway in vitro from wild-type membranes (RH696-3B (pPL269)) were incubated on
ice for 30 min with or without 0.5 mg/ml proteinase K in the presence(see results in Figure 3A).
or the absence of 1% (vol/vol) Triton X-100. Samples were pro-The fact that Gas1p was found in the pellet of a
cessed for Gas1p immunoprecipitation, analyzed by SDS-PAGE,100,000 3 g centrifugation made after floatation through
and visualized using a phosphorimager.
a NycodenzR gradient is a strong indication of vesicular
association. However, to confirm this, we treated the
floated fraction with proteinase K. Gas1p was protected late GPI-anchored protein-containing vesicles. Therefore,
from protease digestion in the absence of detergent, we decided to immunoisolate vesicles carrying trans-
but was digested when detergent was present (Figure membrane plasma membrane proteins and then exam-
1B). This result confirms that Gas1p exits the ER in ined their contents for the coisolation of GPI-anchored
vesicles in our in vitro system. proteins. For this purpose, we used a strain expressing
Gap1pHA (a version of the permease Gap1p with an HA
tag on its cytosolic tail). Vesicles generated from wild-GPI-Anchored Proteins Are Not Found
in the Same ER-Derived Vesicles type membranes expressing Gap1HA were subjected
to immunoisolation using HA antibody. 61% of Gap1pHAas Other Secretory Proteins
To test whether the GPI-anchored proteins were in was found in the vesicle pellet after the immunoisolation.
In contrast, only 6% of the GPI-anchored protein, Gas1p,the same vesicles as other secretory proteins, we puri-
fied ER-derived vesicles by immunoisolation. Since GPI- was detected in the vesicle pellet (Figure 2). The immu-
noisolation was specific because in the absence of HAanchored proteins are entirely lumenal and do not have
a cytosolic domain, we could not directly immunoiso- antibody, no Gap1pHA was detected in the pellet. This
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Figure 2. Immunoisolation of Gap1pHA-Containing Vesicles
Vesicles that were generated from an in vitro budding reaction using
wild-type membranes (PLY129 (pPL269)) and cytosol as above were
immunoisolated with or without monoclonal anti-HA antibody. The
supernatants (S) and pellets (P) were processed for immunoprecipi-
tation and samples analyzed by SDS-PAGE and quantified using a
phosphorimager. The total recovery, S plus P, was set to 100%. %
is percentage recovery in the pellet.
result suggests that Gas1p is not incorporated into Gap-
1pHA-containing vesicles.
Since we used wild-type membranes to generate the
vesicles, we cannot exclude the possibility that the vesi-
cles, originally derived from the ER, fused with or formed
a new compartment that was a substrate for another
round of budding. Vesicle fusion and delivery to the
Golgi apparatus can occur in this in vitro system (Baker
et al., 1988; Ruohola et al., 1988; Barlowe, 1997). Consis-
Figure 3. Immunoisolation of Primary ER-Derived Vesiclestent with the presence of vesicle fusion, a substantial
(A) ER budding and fusion with the Golgi compartment from wild-amount (39%) of Gas1p received a-1,6 mannose, a
type (RH696–3B (pPL269)) and sec18 membranes. Wild-type mem-
Golgi-specific modification (Gaynor et al., 1994), during branes were obtained as above. Membranes from sec18 mutant
the assay (Figure 3A). This shows that the in vitro bud- cells were obtained after preincubation of sec18 cells for 5 min at
ding system produces active intermediates that can effi- 328C min, labeling for 3 min at 328C, and permeabilization. Wild-type
or sec18 membranes were incubated (2 hr, 258C) in the presence ofciently fuse with the Golgi apparatus. The amount of
energy source with or without wild-type or sec18 cytosol (previouslyGas1p that fused with the Golgi is far higher than what
preincubated 10 min at 328C) and analyzed as in figure 1. Nycodenzcan be found to coisolate with Gap1p or gpaF (maximum
gradient purified vesicles from reactions with cytosol were pro-
16%, Figures 2 and 3B), showing that the Gas1p-con- cessed for two consecutive immunoprecipitations. Samples were
taining vesicles are bona fide intermediates in the ER immunoprecipitated first with antibodies against Gas1p, then repre-
to Golgi transport. However, these results also mean cipitated with antibodies against Gas1p or a-1,6 mannose, analyzed
by SDS-PAGE, visualized, and quantified using a phosphorimager.that the sorting we observed could have taken place at
The % fusion is the percentage of Gas1p after two immunoprecipita-a transport step after budding from the ER. In order to
tions that was recovered after precipitation with antibodies againstdetermine if Gas1p sorting has occurred upon budding
the a1,6 mannose modification.
from the ER, we generated vesicles using membranes (B) Immunoisolation of Gap1pHA-containing vesicles. Vesicles gen-
and cytosol derived from the sec18 mutant. SEC18 en- erated from sec18 membranes and cytosol were immunoisolated
codes the yeast ortholog of NSF (the mammalian NEM- with monoclonal anti-HA antibody or with monoclonal anti-Myc anti-
body. The supernatants (S) and pellets (P) were processed for immu-sensitive fusion protein) (Kaiser and Schekman, 1990).
noprecipitation and analyzed as above. The total recovery, S plusThe sec18 mutant blocks vesicular transport from the
P, was set to 100%. % is percentage recovery in the pellet.ER to the Golgi because ER-derived vesicles cannot
fuse with the Golgi. In addition, the sec18 mutation
blocks many other vesicular fusion events in yeast (Riez- mutant membranes and cytosol produced ER-derived
vesicles that did not fuse with the Golgi because Gas1pman, 1985; Graham and Emr, 1991) and may be required
for all SNARE-dependent fusion events. SNARE proteins did not receive the a-1,6 mannose modification (Figure
3A). Therefore, we have inactivated Sec18p and vesicleare efficiently incorporated into ER-derived vesicles
(Rexach et al., 1994). Our sec18 allele is inactivated very fusion under our conditions. The use of sec18 mem-
branes and cytosol ensures that we are analyzing therapidly at 328C (Hicke et al., 1997). Mutant sec18 cells
were pulse labeled after a short preincubation at 328C primary ER-derived vesicles.
Vesicles produced using sec18 membranes and cyto-and membranes were prepared for the in vitro budding
assay. Mutant sec18 cytosol was incubated for 10 min sol were then used as a source for the vesicle immuno-
isolation procedure using anti-HA antibodies. 55% ofat 328C to inactivate NSF before addition to the in vitro
assay. Vesicle formation was cytosol dependent and Gap1pHA-containing vesicles was recovered in the pel-
let, along with 47% and 42% of gpaF and ALP, respec-approximately as efficient as for wild-type membranes
and cytosol. During the in vitro budding assay, sec18 tively. The vesicle immunoisolation was specific because
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Figure 4. ER Budding Kinetics of Gas1p Versus Gap1p
Time course of budding from the ER of Gas1p and Gap1p-containing
vesicles. ER budding reactions using sec18 membranes and cytosol
were incubated for the indicated times and vesicles were isolated.
Gap1p and Gas1p were quantified by immunprecipitation, SDS-
PAGE, and analysis on a phosphorimager. The efficiency of budding
after 120 min was set to 100% for each protein.
no Gap1pHA, gpaF, or ALP were found in the pellet when
a monoclonal myc antibody was used instead of HA
antibody (Figure 3B). This result confirms the previous
observation (Kuehn et al., 1996) that gpaF and Gap1pHA
are found in the same ER-derived vesicles and shows that
another transmembrane protein, ALP, which is not GPI-
anchored, is also incorporated into the same ER-derived
vesicles. It has been shown previously that Gap1pHA and
gpaF copurification is not due to vesicle tethering (Kuehn
Figure 5. Separation of ER-Derived Vesicles on Sucrose Gradientset al., 1996). In contrast to Gap1pHA, gpaF and ALP,
Vesicles generated from sec18 membranes and cytosol were floatedonly 8.8% and 5%, respectively, of the GPI-anchored
into sucrose gradients as described in Experimental Procedures.proteins Gas1p and Yps1p were coisolated (Figure 3B).
Top: fractions 1 to 9, corresponding to the sucrose gradient andTherefore, these results show clearly that these GPI-
thus only to the vesicles that floated out of the NycodenzR cushion,
anchored proteins do not reside in the same ER-derived are shown. Fraction 1 is from the top of the gradient. Bottom: the
vesicles as Gap1p, gpaF, and ALP. percentage of the total signal present in each fraction is indicated
for each protein.
Sorting upon ER Exit Is Not Due
to Different Exit Kinetics
sity-gradient floatation. After centrifugation to the equi-The immunoisolation experiments led us to conclude
librium, the different fractions were collected and ana-that Gas1p is incorporated into specific ER-derived vesi-
lyzed by immunoprecipitation for several cargo proteinscles. However, due to the differences in efficiency of
(Figure 5). The GPI-anchored proteins Gas1p and Yps1pbudding of Gas1p and Gap1p, we considered the possi-
were found mainly in the top fractions of the gradient.bility that the segregation of these secretory proteins is
62% and 56% of the total signal was found in two firstdue to a difference in the kinetics of budding of the
fractions for Gas1p and Yps1p, respectively. In contrast,two proteins from the ER. It is possible that Gap1pHA
the majority of the total signal for non-GPI-anchoredincorporates into the vesicles very early during the in
protein-containing vesicles was found in the two bottomvitro reaction while Gas1p is only packaged later. The
fractions of the gradient, with 69% and 80% recoveryexpected consequence of this would be a physical seg-
for Gap1pHA and gpaF, respectively. Therefore, it isregation during the budding assay. In order to rule out
possible to separate the two ER-derived vesicle popula-this possibility, Gap1pHA and Gas1p budding kinetics
tions according to their densities. This result confirmswere compared. As shown in Figure 4, the kinetics of
that GPI-anchored proteins are packaged into ER-derivedbudding from the ER of these two proteins are very
vesicles that are distinct from and have different physi-similar. This rules out the possibility that the two proteins
cal properties than the vesicles used to package otherare packaged into different vesicles due to temporal
secretory proteins.causes. Furthermore, Yps1p, another GPI-anchored
protein, is as efficiently packaged into ER-derived vesi-
Discussioncles as Gap1p, gpaF, or ALP. From these results, we
conclude that GPI-anchored proteins are actively sorted
The current model of the exocytic pathway proposesfrom other secretory proteins in the ER.
that secretory proteins are transported together from
the ER to the Golgi apparatus, where they are sorted toTwo Populations of ER-Derived Vesicles
their final destinations (Griffiths and Simons, 1986). WeCan Be Separated by Density
show here that, in yeast, a specific subset of secretoryIn order to confirm the immunoisolation result, we tried
proteins, including GPI-anchored proteins, is sortedto obtain evidence of the two-vesicle model using an
from other secretory proteins upon exit from the ER. Thisindependent method. Vesicles generated using sec18
membranes and cytosol were subjected to sucrose den- conclusion was reached after using two independent
Protein Sorting in the ER
317
isolation methods to separate primary ER-derived vesi- for the ongoing synthesis of sphingoid base, the precur-
sor to ceramide and sphingolipids. One possible expla-cles: vesicle immunoisolation and separation of vesicles
on sucrose gradients. Use of the sec18 mutant ensured nation for this specific requirement is that ceramide rafts
or microdomains could recruit and segregate specifi-that we examined the primary ER-derived vesicles. We
showed that the vesicles containing Gas1p are capable cally GPI-anchored proteins in the ER. As in mammalian
cells, ceramides are not converted into sphingolipidsof fusing with the Golgi compartment, demonstrating
that we are analyzing true intermediates in ER to Golgi until they reach the Golgi apparatus in yeast (Levine et
al., 2000). Since the GPI anchor is necessary for the ERtransport. The sorting process seen in this study is not
the result of a difference in budding kinetics of the differ- exit of these proteins (Doering and Schekman, 1996), it is
conceivable that GPI-anchored proteins are selectivelyent proteins. Therefore, in contradiction to previous
ideas, GPI-anchored proteins can be sorted from other recruited to ceramide microdomains because of the
physical properties of their GPI anchors. Other secretorysecretory proteins upon budding from the ER. Our re-
sults also demonstrate that two secretory proteins with proteins, not anchored to GPI, could be excluded from
these microdomains. Consistent with this idea, deter-different final destinations, Gap1p and ALP, leave the
ER in the same vesicles, implying that they are sorted gent insoluble Gas1p has been detected in the ER (Bag-
nat et al., 2000), although there is no direct evidence forlater, most likely in the Golgi apparatus.
The idea that GPI-anchored proteins could exit the ER a role of detergent insolubility in transport and/or sorting
of GPI-anchored proteins in yeast. It should be notedin distinct vesicles arose as the result of the discovery of
two specific requirements for ER to Golgi transport of that the GPI-anchored protein-containing vesicles show
a distinct behavior on sucrose gradients. We were un-these proteins (Su¨tterlin et al., 1997). The first specific
requirement is for a-COP, a component of the COPI able to separate the two vesicle populations on Nyco-
denzR gradients (data not shown). The lighter buoyantcoat. The cop1-1 mutant affects ER to Golgi transport of
GPI-anchored proteins without affecting other secretory density of the GPI-anchored protein-containing vesicles
on sucrose gradients might suggest that they are lessproteins such as invertase or carboxypeptidase Y. The
COP1 requirement can be explained in at least two ways. permeable to sucrose than the other ER-derived vesi-
cles and this could be due to a different lipid compo-First, GPI-anchored proteins could be transported to the
Golgi in COPI-coated vesicles whereas other secretory sition.
Another possible explanation for the sphingoid basevesicles would be included into COPII-coated vesicles.
There are several suggestions of a role of COPI-coated synthesis requirement is that ceramide or a sphingoid
base could be involved in a signaling pathway requiredvesicles in anterograde transport (Hosobuchi et al.,
1992; Pepperkok et al., 1993; Peter et al., 1993). In partic- for the specific transport of GPI-anchored proteins. Re-
cently, it has been shown that sphingoid bases play aular, both COPII and COPI vesicles can bud directly
from the ER in yeast (Bednarek et al., 1995). Although signaling role in endocytosis in yeast (Friant et al., 2000;
Zanolari et al., 2000). Ceramide or a sphingoid basethis could correspond to the two vesicle populations
that we find, there is no evidence for this yet. On the could, by activation of a signaling cascade, induce the
formation of ER-derived vesicles containing GPI-anchoredother hand, it has been shown that Gas1p can be incor-
porated into COPII-coated vesicles when purified COPII proteins. Alternatively, the putative signaling event
could regulate the fusion of ER-derived vesicles carryingcomponents are used instead of cytosol (Doering and
Schekman, 1996). Under these conditions, Gap1p can GPI-anchored proteins with the Golgi apparatus or with
a specialized Golgi compartment. These different possi-be packaged into the same vesicles as gpaF (Kuehn et
al., 1996), but GPI-anchored proteins were not analyzed bilities for the function of sphingoid base synthesis in
GPI-anchored protein transport are not mutually ex-in this study. It is possible that COPII-coated vesicles
are not the natural carriers for GPI-anchored proteins clusive.
The formation of lipid rafts in the ER could be oneeven though they can enter them in vitro.
Second, since COPI has been shown to be involved explanation for the sorting of GPI-anchored proteins in
the ER, but a specific interaction with vesicle coat pro-in retrograde transport from the Golgi apparatus to the
ER (Letourneur et al., 1994), coatomer could be required teins may still be required. There is evidence that it is
the interaction of the cytosolic part of a transmembraneto recycle some factor(s) necessary for the anterograde
transport of GPI-anchored proteins. In this case, GPI- protein with coat components that drives the selective
incorporation of cargo proteins into coated vesiclesanchored proteins would be transported to the Golgi in
COPII-coated vesicles, but would require an accessory (Kuehn et al., 1998). Since GPI-anchored proteins are
completely lumenal, they would still need to associatefactor for sorting. Genetic studies favor this idea be-
cause the ER to Golgi transport of GPI-anchored pro- with a transmembrane protein in order to interact with
the vesicle coat. This function may be fulfilled by theteins, as well as the rest of secretory proteins, is com-
pletely and very rapidly blocked in COPII mutants Emp24p complex, which is necessary for efficient pack-
aging Gas1p into ER-derived vesicles and can be cross-(Schimmo¨ller et al., 1995; Su¨tterlin et al., 1997). Recent
results suggest that two proteins related in sequence linked to Gas1p in those vesicles (Mun˜iz et al., 2000).
This specific requirement may be extended to other GPI-and function to Sec24p could specifically function to
transport the GPI-anchored protein Gas1p (Peng et al., anchored proteins, since Yps1p also requires Emp24p
for its efficient packaging into vesicles (M. M., unpub-2000). However, as for coatomer mutants, this in vivo
dependence on COPII proteins could be an indirect lished result). Consistent with this, Emp24p is present in
the same ER-derived vesicles as GPI-anchored proteinseffect.
The second specific requirement for GPI-anchored because Gas1p was copurified when antibodies against
the Emp24p cytosolic tail were used to immunoisolateprotein transport from the ER to the Golgi apparatus is
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or RH696-3B (pPL269) (MATa gap1D::LEU2 ura3 leu2 lys2D201 his4ER-derived vesicles and because Emp24p and Erv25p
pPL269) and sec18 mutant strain RH696-2B (MATa sec18220could be directly cross-linked to Gas1p in these vesicles
gap1D::LEU2 ura3 ade2 leu2 lys2D201 pPL269) (Mun˜iz et al., 2000)(Mun˜iz et al., 2000). However, Emp24p is also present
were transformed with pCNYG1 (Nuoffer et al., 1991) and used as
in Gap1p-containing ER-derived vesicles. It is not clear wild-type or sec18 membrane sources, respectively, for the in vitro
whether Emp24p has a function in Gap1p vesicles. It budding assay. Wild-type cytosol was prepared from RH732 (MATa
may simply be a cargo molecule in these vesicles be- his4 leu2 ura3 lys2 pep4::URA3 bar1) and sec18 cytosol from
RH2043 (MATa sec18–20 his4 leu2 ura3 pep4::URA3 bar1). Antibod-cause binding of antibodies to the Emp24p cytosolic
ies against a 1,6 mannose residues were made by immunizing rab-tail did not affect formation of vesicles containing Gap1p
bits with whole cells (RH5327, MATa mnn1 leu2 gas1D::LEU2) toor gpaF. The purpose of including Emp24p as a cargo
avoid raising antibodies against surface expressed Gas1p.
molecule in these vesicles would be because the protein
most likely also plays a role in retrograde transport
In Vitro ER-Budding Assay
(Bremser et al., 1999; Mun˜iz et al., 2000). Wild-type cells were pulse labeled for 3 min with Trans-label (NEN),
The formation of the two ER-derived vesicle popula- and permeabilized cells were prepared for the in vitro ER budding
tions with different classes of cargo molecules strongly assay as described previously (Mun˜iz et al., 2000). 30 ml of B88
containing 2 3 107 permeabilized, wild-type cells was incubatedsuggests the existence of two parallel pathways to
during 2 hr at 258C with 300 mg of wild-type cytosol, 13 ATP mix,transport secretory proteins from the ER to the Golgi
0.2 mM GTP, and 0.1 mM GDP-mannose in 150 ml. The buddingcompartment. We have shown that Gas1p-containing
reaction using sec18 mutant membranes and cytosol was performedvesicles can fuse with the Golgi. It has been shown
as for wild-type budding reactions except that sec18 cells were
previously that gpaF vesicles do the same (Baker et preincubated for 5 min before labeling for 3 min at 328C. The sec18
al., 1988; Ruohola et al., 1988). In yeast, other parallel cytosol was preincubated 10 min at 328C before the budding reac-
tion. After the incubation, a portion of the sample (usually 4%) waspathways to transport specific secretory proteins have
removed for analysis to determine the total input into the assay.been previously proposed for the Golgi apparatus to the
The remaining volume was centrifuged (14,000 rpm, 2 min, 48C).cell surface, the Golgi compartment to the vacuole, and
Then, 125 ml of the supernatant was subjected to floatation on athe Golgi apparatus to the ER (Harsay and Bretscher,
NycodenzR step gradient (Barlowe et al., 1994), which was fraction-
1995; Cowles et al., 1997; Girod et al., 1999). At present, ated. 100 ml from the top was discarded and the next 800 ml was
we do not know if the GPI-anchored proteins continue transferred to a new tube. 400 ml (one half) was diluted 3-fold with
their transport route separately to the plasma mem- B88 and centrifuged (100,000 g, 1 hr, 48C). The membrane pellet
was dissolved in 1% SDS in TEPI (Su¨tterlin et al., 1997) for 10brane. Even though GPI-anchored proteins appear to
min at 558C and subjected to immunoprecipitation using antibodiesreceive similar Golgi modifications as other secretory
against different proteins. The samples were analyzed by SDS-PAGEproteins, they have not been thoroughly characterized
with subsequent visualization and quantitation using a phos-and could be transported via specific subcompartments
phorimager.
of the Golgi apparatus, or through distinct Golgi struc-
tures. In Saccharomyces cerevisiae, the Golgi is clearly
Vesicle Immunoisolation
formed of many apparently unconnected compartments. Vesicles generated from wild-type or sec18 membranes were sub-
It would be interesting to determine if GPI-anchored jected to immunoisolation basically as described (Kuehn et al.,
proteins are also sorted upon exit from the ER in mam- 1996). For the vesicle immunoisolation experiments, the budding
reaction was scaled up 2-fold in a final volume of 300 ml. After themalian cells or in yeast like Pichia pastoris (Rossanese
in vitro reaction and subsequent centrifugation (14,000 rpm, 2 min,et al., 1999) that have one or only a few Golgi structures.
48C), 250 ml of the supernatant was subjected to floatation on aThree-dimensional reconstruction of the Golgi structure
NycodenzR step gradient. 100 ml from the top was discarded andin normal rat kidney cells showed that there are more
the next 800 ml transferred to a new tube. 200 ml was mixed with
than one Golgi stack per cell that are nevertheless con- 800 ml of 5% BSA/PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2H-
nected by tubules bridging equivalent cisternae (Ladin- PO4.7H2O, 1.4 mM KH2PO4) and 10 mg of high-affinity anti-HA mono-
sky et al., 1999). Thus, it is still possible that not all clonal antibody (Boehringer). This mix was incubated overnight at
48C with rotation in low retention eppendorf tubes (Microtubes MCT-secretory proteins traverse the same Golgi stack.
150-L-C, AXYGEN). After 12 hr, 100 ml of protein G-Sepharose beadsFinally, the finding that protein sorting has taken place
(Pharmacia) in 5% BSA/PBS was added and the incubation wasupon exit from the ER changes substantially our view
prolonged for 6 hr at 48C. The beads were washed four times withof the protein traffic in the early secretory pathway. ER
0.1% BSA/PBS by centrifugation at 2000 rpm, 1 min at 48C, and
protein exit appears to be a more complicated process resuspension. For the last wash, the beads were transferred to a
than was previously thought and some ideas, such as new tube where they were processed for immunoprecipitation. The
default mechanisms for protein exit from the ER, may supernatant from the first centrifugation of the beads was centri-
fuged (100,000 g, 1 hr, 48C) and the pellet was processed for immu-have to be amended. Many new questions about the
noprecipitation. BSA, initial fractionation by heat shock, with re-mechanisms of ER exit and the organization of this com-
duced fatty acid content was obtained from Sigma.partment can now be posed. For instance, are lipids
also sorted into distinct vesicles upon budding from the
Sucrose GradientER? What signals and interactions direct proteins into
The in vitro budding reaction was performed in a final volume ofthe two different vesicles? What protein and lipid com-
300 ml and followed by two centrifugation steps (14,000 rpm, 5 min,
ponents are required to achieve protein sorting? The 48C). 260 ml of the supernatant was mixed with 570 ml NycondenzR
availability of an in vitro system that reproduces the 70% (w/v in B88) and 170 ml B88. This fraction (1 ml) was placed
sorting process should help to unravel the mechanisms at the bottom of an ultracentrifuge tube. The vesicle containing
fraction was then overlayed with 1 ml 35% NycodenzR (w/v in B88),involved in this process.
8 ml of a linear sucrose gradient 35%–25% (w/v in B88), and 1 ml
5% sucrose (w/v in B88). The gradient was centrifuged in TST41.14Experimental Procedures
(Kontron) (100,000 g, 20 hr, 48C) and fractionated from the top into
11 fractions (1 ml). 450 ml from each fraction was solubilized in 1%Strains and Materials
SDS in TEPI either at 558C (for Gap1p analysis) or at 958C for 15The S. cerevisiae wild-type strains PLY129 (pPL269) (MATa
gap1D::LEU2 ura3 leu2 lys2D201 ade2 pPL269) (Kuehn et al., 1996) min. Individual proteins were detected by successive immunopre-
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cipitations using antibodies against the different proteins. The sam- Griffiths, G., and Simons, K. (1986). The trans Golgi network: sorting
at the exit site of the Golgi complex. Science 234, 438–443.ples were analyzed by SDS-PAGE with subsequent visualization
and quantitation using a phosphorimager. Harsay, E., and Bretscher, A. (1995). Parallel secretory pathways to
the cell surface in yeast. J. Cell Biol. 131, 297–310.
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